K homology splicing-regulatory protein (KSRP), and the butyrate response factor 1 (BRF1) (7, 27, 34, 39, 46) . Other ARE-RBPs, like the Hu proteins (HuR, HuB, HuC, and HuD), can stabilize target mRNAs instead (4, 6) ; Hu proteins have also been shown to modulate the translation of several target mRNAs, both enhancing (5, 24, 31) and inhibiting (9, 23, 33) protein synthesis. However, the best-studied ARE-RBPs functioning as translational inhibitors are the T-cell-restricted intracellular antigen 1 (TIA-1) and the TIA-1-related protein TIAR (1, 2, 14, 28, 32) .
TIA-1 and TIAR contain three RNA-recognition motifs (RRMs) through which they bind mRNAs (10) . In addition to participating in pre-mRNA splicing (12, 26, 38) , TIA-1 and TIAR have been proposed to repress translation (1, 2, 32, 37) . In unstressed cells, a preinitiation complex (comprising the eukaryotic translation initiation factor 1 [eIF-1], eIF-2, eIF-3, eIF-5, and the 40S ribosomal subunit) forms at the 5Ј end of capped mRNAs. Following the recognition of an initiation codon, the 60S subunit assembles, displacing the eIFs and forming a functional ribosome to initiate translation. In cells exposed to damaging agents, phosphorylation of eIF-2␣ by a family of kinases (PKR, PERK, GCN2, and HRI) reduces the levels of functional preinitiation complex (recently reviewed in reference 16). Under these conditions, TIAR and TIA-1 have been postulated to function as translational repressors by associating with eIF-4F, eIF-3, and the 40S ribosomal subunit, to form nonfunctional preinitiation complexes (2) . The self-aggregating properties of TIA-1 and TIAR were further proposed to facilitate the accumulation of the translationally inactive preinitiation complexes into discrete cytoplasmic foci called stress granules (SGs) . Given the presence of RBPs implicated in the regulation of mRNA turnover (such as TTP and HuR) and translation (TIA proteins) at SGs, these foci are believed to function as dynamic sites of mRNA triage during stress, wherein the composition of mRNA RNP complexes and their subsequent engagement with the translation or degradation machineries are decided (20, 21) .
While these mechanisms of TIA-1/TIAR action can lead to a general suppression of translation in the cell, they are believed to have a preferential effect upon specific subsets of bound mRNAs, such as ARE-containing mRNAs encoding tumor necrosis factor alpha (TNF-␣), matrix metalloproteinase 13 (MMP-13), cyclooxygenase 2 (COX-2), and ␤2-adrenergic receptor (AR) (8, 14, 19, 37, 44) . Accordingly, global searches have been undertaken to identify TIA-1/TIAR target mRNAs systematically. An earlier study in which pools of random RNA sequences were selected/amplified in vitro revealed that both TIA proteins recognized RNAs containing U-rich stretches (10) . More recently, a genome-wide search for TIA-1 target mRNAs was carried out by immunoprecipitation (IP) of TIA-1 RNPs followed by the identification of bound transcripts using DNA microarrays (28) . A computational analysis of the target mRNAs found by this approach led to the elucidation of a shared signature motif present among mRNAs which was also U rich. TIA-1 was shown to associate with target mRNAs bearing this motif in cells subjected to heat shock and to suppress their translation (28) . Using a similar en masse approach, TIAR target mRNAs were found to include many mRNAs encoding translation factors and other proteins involved in translation (32) . Further analysis of TIAR RNPs indicated that the association of TIAR with several target mRNAs increased following irradiation with short-wavelength UV light (UVC), thereby helping to suppress their translation (32) .
Here, we sought to elucidate a shared motif among TIAR target mRNAs. The starting material was a collection of TIAR-bound transcripts that was isolated from untreated RKO cells (a human colon cancer line) using the RNP IP methodology and was identified by using a microarray (32) . Computational analysis of this set of transcripts revealed a shared signature motif that was unexpectedly C rich. The ability of TIAR RRM domains to bind to a representative C-rich sequence was verified in vitro using surface plasmon resonance (SPR). Further validation of this interaction was obtained by studying the binding of mRNAs that were predicted to be TIAR targets because their 3Ј untranslated regions (3ЈUTRs) contained at least one occurrence of the C-rich TIAR motif. Interestingly, the transcripts tested were found to dissociate from TIAR in response to UVC treatment, suggesting that this C-rich TIAR signature motif may occur within mRNAs whose binding to TIAR decreases following stress stimulation.
MATERIALS AND METHODS
Cell culture, treatment, and transfections. Human colorectal carcinoma RKO cells were cultured in minimum essential medium (Invitrogen), and human cervical carcinoma HeLa cells in Dulbecco's modified essential medium, each supplemented with 10% fetal bovine serum and antibiotics. Where indicated, cells were irradiated with 25 J/m 2 of short-wavelength UV light (UVC). Reporter plasmid pEGFP-GAPDH was constructed by inserting a 200 bp of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) 3ЈUTR (nucleotides 1111 to 1310 of GAPDH [RefSeq accession no. NM_002046]) after the stop codon of pEGFP-N1; reporter plasmid pEGFP-Motif was constructed by inserting the consensus C-rich motif sequence UUGCCACCUCCUGCUCCUGCCCAGACAG within the GAPDH 3ЈUTR from pEGFP-GAPDH (at nucleotide position 1211 of the above fragment); reporter plasmid pEGFP-APAF1 was constructed by subcloning the 3ЈUTR of APAF1 (nucleotide positions 5401 to 5825 of NM_013229, including the C-rich motif hit CTGCTCCCTCTTGTTTCTTACATATCAG) immediately after the enhanced green fluorescent protein (EGFP) stop codon. Subconfluent cells were transfected with TIAR-directed (AAGGGCTATTCAT TTGTCAGA) or control (TTCTCCGAACGTGTCACGT) small interfering RNAs (siRNAs) (20 nM each) and 24 h later with reporter plasmids (0.2 g) using Lipofectamine 2000. Cells were subsequently harvested for RNA and protein analyses.
IP assays. IP of [TIAR-mRNA] complexes from RKO cell lysates was used to evaluate the association of endogenous TIAR with endogenous target mRNAs. The assay was performed essentially as described previously (29, 40) , except that 100 million cells were used as starting material and lysate supernatants were precleared for 30 min at 4°C using 15 g of immunoglobulin G (IgG) (Santa Cruz Biotech.) and 50 l of protein-A Sepharose beads (Sigma) that had been previously swollen in NT2 buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1 mM MgCl 2 , 0.05% Nonidet P-40) supplemented with 5% bovine serum albumin. Beads (100 l) were incubated (16 h at 4°C) with 30 g of antibody (either goat IgG [Santa Cruz Biotechnology] or goat anti-TIAR [Santa Cruz Biotechnology]) and then for 2 h at 4°C with 1.5 mg of cell lysate. After extensive washes and digestion of proteins in the IP material (40), the RNA was extracted and used either for hybridization of cDNA arrays or for verification of individual TIAR target transcripts. The array analysis was previously reported (32) . Briefly, RNA obtained after IP reactions using either an anti-TIAR antibody or IgG was reverse transcribed in the presence of [␣- 33 P]dCTP and the radiolabeled product was used to hybridize cDNA arrays (Mammalian Gene Collection [MGC] arrays, containing ϳ6,000 individual genes) employing previously reported methodologies (29, 40, 41) . All of the data were analyzed using the Array Pro software (Media Cybernetics, Inc.) and then normalized by Z score transformation and used to calculate differences in signal intensities. Significant values were tested using a two-tailed Z test and P Ͻ 0.01. The data were calculated from three independent experiments. The complete cDNA array data are available from the authors. For the analysis of individual transcripts, RNA in the IP material was used in reverse transcription (RT) reactions followed by quantitative real-time PCR (qPCR) analysis to detect the presence of specific target mRNAs using gene-specific primer pairs (see the supplemental material). qPCR products were visualized after electrophoresis in 1% agarose gels stained with ethidium bromide to verify that single bands were amplified in each reaction.
Computational analysis to identify a TIAR signature motif. Human UniGene records were first identified from the most strongly enriched TIAR targets derived from the array analysis using untreated RKO cells. The top 179 transcripts from which 3ЈUTRs were available served as the experimental data set (see Table S1 in the supplemental material) for the identification of the TIAR motif. Shared RNA motifs were elucidated from the the 3ЈUTR sequences; among the top candidate motifs, the motif with the highest statistical enrichment in the experimental 3ЈUTR data set was considered to be the best TIAR candidate motif (additional description in the supplemental material). The computational analysis was conducted as previously described (28) using the software RNAmotifPro (M. Zhan, unpublished). The motif logo was constructed using WebLogo (http://weblogo.berkeley.edu/). RNAplot was used to depict the secondary structure of the representative RNA motifs. The computation was performed using the NIH Biowulf computer farm. Both UniGene and RefSeq datasets were downloaded from NCBI.
Western blot analysis. Whole-cell protein lysates (10 or 15 g) were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), transferred onto polyvinylidene difluoride membranes, and used for Western blot analysis. Primary antibody incubations were performed using mouse monoclonal antibodies recognizing ␤-actin (Abcam) or c-Myc (BD Pharmingen) or using rabbit polyclonal antibodies recognizing Apaf-1 (Chemicon), eIF5a, PXN, VOL. 27, 2007 IDENTIFICATION OF C-RICH RNA MOTIF FOR TIAR 6807 or TCF3 (Santa Cruz Biotechnology). Following secondary antibody incubations, signals were visualized by enhanced chemiluminescence. Plasmid construction and protein purification. Constructs to express TIAR RRM123 (residues 1 to 283) and TIAR RRM12 (residues 1 to 208) (10) were transformed into Escherichia coli strain BL21(DE3), and the encoded proteins were expressed and purified as described previously (10) . HuR RRM12 (residues 18 to 184) was cloned into pGEX-4T1, expressed in E. coli BL21(DE3), and purified according to previously established protocols (43) . The proteins were further purified by size-exclusion and cation-exchange chromatography. The concentration of each protein was determined using the Bradford assay (BioRad) and by A 280 measurements using theoretical molar extinction coefficients (ProtParam). The extinction coefficients were validated for folded protein; A 280 measurements were within 10% of measurements made in 6.0 M guanidium hydrochloride. The purity of each protein was confirmed by SDS-PAGE.
Biosensor analysis. The dynamics of RNA-protein interactions were characterized by SPR using a BIACORE T100 instrument (Biacore Inc.). A U-rich RNA [containing a poly(U) stretch; 5Ј-GGGGGGUUUUUUUUUUUUUUU UUGGGGG-3Ј] and a C-rich RNA (5Ј-UUGCCACCUCCUGCUCCUGCCC AGACAG-3Ј) were chemically synthesized carrying a 5Ј-biotin tag (Dharmacon Research) to allow immobilization of the RNA onto streptavidin-coated sensor chips (series S sensor chip SA; Biacore, Inc.). RNAs were diluted to a final concentration of 1 M in HBS buffer (10 mM HEPES [pH 7.4], 150 mM NaCl), followed by heating at 80°C for 10 min and cooling to room temperature. The sample was then diluted 500-fold in running buffer (10 mM HEPES [pH 7.4], 150 mM NaCl, 1 mM dithiothreitol, 0.025% surfactant P20 [Biacore, Inc.]) and injected over the sensor chip surface at 10 l/min at 25°C to generate a 50-response unit (RU) RNA surface (for a low-density surface). Proteins were serially diluted in running buffer to the concentrations indicated in Fig. 3 and injected at 25°C at a flow rate of 50 l/min for 2 min. Surface regeneration to remove any protein that remained bound after 3 min of dissociation was achieved using a 1-min injection of 2 M NaCl at 50 l/min. Analysis of each protein concentration was done in duplicate, and samples were run in random order. Any background signal from a streptavidin-only reference flow cell was subtracted from every data set. Data were analyzed using a simple 1:1 Langmuir interaction model using the Biacore T100 evaluation software (Biacore, Inc.) to determine the affinities of the protein-RNA interactions.
RESULTS
Sequence and structure of the predicted TIAR motif. A collection of mRNAs that were TIAR targets was identified using human colorectal carcinoma RKO cells following IP under conditions that preserved the pools of mRNAs bound to TIAR (32) . The RNA in the IP materials (associated with TIAR or bound in a nonspecific fashion in the IgG IP samples) was then extracted and reverse transcribed, and the resulting products were hybridized to human cDNA arrays (http://www .grc.nia.nih.gov/branches/rrb/dna/dna.htm#, MGC arrays). Three hundred array spots (ϳ3.1% of the total spots on the array) had Z ratios of Ͼ1.00 when comparing the signals in TIAR IP arrays with those in IgG IP arrays and were thus deemed to represent specific TIAR-associated transcripts. Among them, the 179 transcripts for which full-length mRNAs were available (the experimental data set) were selected for further analysis. A subset of transcripts from the experimental data set are a Whole-cell lysates prepared from untreated RKO cells were used for IP assays by employing either IgG or anti-TIAR antibodies. RNA was subsequently extracted from the RNP complexes present in the IP material and was reverse transcribed; the resulting radiolabeled molecules were used to hybridize a cDNA array (32) . The most enriched transcripts found in association with TIAR (TIAR IP material compared with IgG IP material) are listed. The top 179 enriched transcripts with complete 3ЈUTR sequences, the experimental dataset (see Table S1 in the supplemental material), were used to derive the TIAR motif. The Z ratio column reflects the differences in signal intensity when comparing TIAR IP with IgG IP array signals (32) . Transcripts were deemed TIAR targets if Z ratios are Ͼ1.
listed in Table 1 . The complete experimental data set is provided in Table S1 in the supplemental material, and numerous target transcripts were validated elsewhere (32) .
The RNA sequences of the experimental data set were subjected to computational analysis (Materials and Methods) to identify TIAR motifs, based on both primary RNA sequences and secondary structures. Of the 100 possible candidate motifs initially derived from the experimental data set, one motif comprising 28 to 32 nucleotides had the highest relative number of hits in the experimental data set compared with the entire UniGene database (as described previously in [28] and in the supplemental material). The sequence alignment, motif logo (graphic representation of the relative frequency of nucleotides at each position), and examples of the secondary structures of this putative TIAR are shown in Fig. 1A and B.
The motif was found to be predominantly C rich (46%); U, G, and A nucleotides were significantly less abundant (21%, 18%, and 14%, respectively [ Fig. 1A] ). The sequence of this motif was unexpected, given our previous finding using SELEX analysis that suggested that TIAR bound to U-rich sequences, although these were often flanked by C residues (10) . Figure  1B depicts six examples of the C-rich TIAR motif, with the corresponding mRNAs indicated below. Both HuR and TIAR proteins bind U-rich RNA. The unanticipated identification of a C-rich RNA motif for TIAR target transcripts prompted us to investigate the relative binding affinity of TIAR to a U-rich [a poly(U) stretch comprising 17 U residues flanked by G residues] RNA compared with this Crich RNA in vitro. We prepared recombinant TIAR proteins comprising two or three of its N-terminal RRM domains (TIAR12 and TIAR123, respectively), as previously described (10) . We also prepared a recombinant protein comprising the N-terminal two RRMs of HuR (HuR12) to serve as a positive control for binding to the U-rich RNA and negative control for binding to the C-rich RNA (Fig. 2) .
We investigated the ability of these proteins to bind to the U-rich 28-mer RNA using SPR. This methodology allowed not only a qualitative indication of binding but also a comparative measure of on rates, off rates, and overall affinities to the RNA tethered to a chip via its 5Ј end. The sensorgrams in Fig. 3 (top) show the binding of a range of concentrations of HuR12, TIAR123, and TIAR12 when injected across the U-rich RNAcoated chip. The on rates, off rates and overall affinities (equilibrium dissociation constant [K D ]) for each protein, as approximated using a simple Langmuir binding model, are listed in Table 2 . As shown, all three proteins bound the U-rich RNA. HuR12 bound with a K D in the nM range, with both high on and off rates. This finding is in keeping with previous SPR studies of HuD proteins binding to AU-rich sequences, wherein HuD12 bound with a K D of 5.4 nM to a 38-mer and a K D of 15.3 nM to a 13-mer (35, 36) .
The TIAR proteins also bound to the U-rich RNA with a K D in the nM range (TIAR123 K D , ϳ1 nM; TIAR12 K D , ϳ0.7 nM). These proteins showed slower on and off rates compared with HuR12, reflecting an intrinsically different and potentially more complex process of association and dissociation with the RNA. These findings are also reflected in the imperfect fit of the data by a simple 1:1 Langmuir interaction model and suggest that the K D values may only be accurate to within an order of magnitude. These affinities are in keeping with those measured previously using nitrocellulose filter-binding assays, which showed binding affinities for poly(U) of 8 nM, 20 nM, and 40 nM by TIAR, TIAR123, and TIAR12, respectively (10). The similar binding properties of TIAR12 compared with TIAR123 also suggest, as previously noted (10) , that the primary poly(U) binding contact is made by the first two RRMs of TIAR.
TIAR, but not HuR, binds the C-rich RNA motif. To test if TIAR was able to bind to the newly identified C-rich RNA motif, an RNA sequence was designed by choosing the most frequent nucleotide present at each position within the probability matrix (Fig. 1A) . SPR was used to examine the binding kinetics of recombinant HuR and TIAR proteins to this sequence in comparison with the binding seen for the U-rich sequence. The sensorgrams in Fig. 3 (bottom) show the binding of HuR12, TIAR123, and TIAR12 when injected across the C-rich RNA-coated chip. There was no evidence of an interaction between HuR12 and the C-rich RNA, consistent with the known specificity of HuR for U-and AU-rich sequences and demonstrating that the experimental conditions of SPR employed here did not allow the occurrence of nonspecific interactions. In contrast, TIAR proteins were able to bind the C-rich RNA, confirming that this is a bona fide, novel TIAR target sequence. On rates, off rates, and overall affinities (K D ) are indicated in Table 2 . TIAR123 and TIAR12 bound the C-rich RNA with nM affinities (ϳ135 and ϳ56 nM, respectively). These values represent significant binding affinities, although they are approximately 100-fold weaker than TIAR protein binding to the U-rich RNA. and RRM2 or all three RRMs (HuR12, TIAR123, and TIAR12) was previously described (10) . Proteins were expressed in bacteria and purified to homogeneity (details in Materials and Methods). Std., protein standard, with molecular mass (kDa) indicated.
Functional analysis of the C-rich motif using heterologous reporter assays. The functional role of the C-rich motif present in a given transcript was first tested by using reporter vectors in cells that expressed different levels of TIAR. Depicted in Fig.  4A are three plasmids that were engineered to express the EGFP reporter from chimeric mRNAs that also contained either the GAPDH 3ЈUTR (pEGFP-GAPDH), the GAPDH 3ЈUTR with one embedded copy of the consensus C-rich motif (pEGFP-Motif), or the APAF1 3ЈUTR (one of the TIAR target transcripts), including one hit of the C-rich motif (pEGFP-APAF1). HeLa cells were transfected with siRNAs that effectively silenced the endogenous TIAR (Fig. 4B) and were subsequently transfected with the EGFP reporter constructs. As shown in Fig. 4B , silencing of TIAR potently elevated (ϳ10-fold) EGFP expression from the EGFP reporter bearing the C-rich motif (pEGFP-Motif transfection group) and also induced EGFP expression (approximately threefold) from the EGFP reporter bearing the APAF1 3ЈUTR and its C-rich motif hit (pEGFP-APAF1 transfection group), but it did not significantly increase EGFP levels in cells transfected with pEGFP-GAPDH. These changes in EGFP expression did not arise from changes in the levels of the corresponding transcripts, as EGFP mRNA was essentially unchanged in the various transfection groups (Fig. 4C) . These data strongly support the view that TIAR suppressed the translation of a transcript bearing the C-rich motif, thereby reducing the expression levels of the encoded protein.
Identification of novel TIAR target transcripts containing the C-rich TIAR motif. We used the C-rich TIAR motif to query transcript databases for additional putative TIAR target mRNAs. A total of 2,209 transcripts were identified from the UniGene database (2.0% of the complete database); a subset of transcripts is presented in Table 3 , along with the positions of the individual TIAR motif hits within the 3ЈUTR. Each motif hit was assigned a score (in parentheses), a value that reflects the degree to which each particular motif matches the TIAR motif model (Fig. 1A) .
To test whether the C-rich motif could be used to identify FIG. 3 . Kinetic analysis of the interactions of TIAR12, TIAR123, and HuR12 proteins with U-rich and C-rich RNAs. The binding of TIAR123, TIAR12, and HuR12 to a U-rich or a C-rich RNA (28-mer each) is shown. Biotinylated RNA was captured on SA-coated sensor chips, and increasing concentrations of protein were injected over the surface. Injections were performed for 120 s (association phase), followed by a 300-s flow of running buffer to assess dissociation. The experiments were conducted in duplicate and showed good overlap. The red lines represent the binding responses for injections of protein analyte at specified concentrations (nM) over the RNA surface. The kinetic data were fit by a 1:1 Langmuir binding model which describes monovalent analyte binding to a single site on the immobilized ligand. Mass transport effects were not evident. The black curves superimposed on top of the sensorgrams represent the model fitted curves. The association and dissociation rate constants (K a and K d , respectively) were determined simultaneously as global fitting parameters from which K D was determined. The resulting parameter values are given in Table 2 appeared to be bona fide targets of TIAR, as they were found to be enriched in TIAR IP material compared with IgG IP material (time zero); the degrees of enrichment ranged from just over twofold for RPL34 and MMP25 mRNAs to greater than sevenfold for PABPN1 mRNA. With the same experimental approach, we further sought to determine whether the abundance of such putative RNP complexes would be affected by treatment with short-wavelength UV light (UVC), a genotoxic agent that was previously found to increase binding of TIAR to a subset of mRNAs (32) . To our surprise, however, treatment with 25 J/m 2 UVC significantly reduced the association of these mRNAs with TIAR, as their abundance in the TIAR IP material was markedly diminished following exposure to UVC (with few exceptions, such as NK4 at 6 h after UVC). Importantly, negative controls 18S rRNA and housekeeping GAPDH and UBC mRNAs showed negligible enrichment in TIAR IPs relative to IgG IPs; these non-TIAR target RNAs bound the beads and IP reagents in a nonspecific fashion and served to monitor the even input of the samples (Fig. 5A,  Neg. ). In addition, the binding of MYC mRNA was tested as a positive control, since TIAR-MYC mRNA complexes were previously shown to increase following UVC irradiation (32) ; in keeping with these earlier findings, MYC mRNA showed strikingly increased binding to TIAR at 1 and 3 h after UVC treatment (Fig. 5A, Pos.) .
The reductions in RNPs comprising TIAR and mRNAs bearing the C-rich motif did not simply reflect changes in the total levels of these cellular mRNAs for two reasons. First, by the RNP IP assay, global reductions in mRNA are reflected in binding both in the IgG IP and the TIAR IP, so by measuring mRNA enrichment, such differences would already be accounted for. Second, individual testing of each of the transcripts in whole-cell RNA preparations showed that UVC elicited modest or no changes in the levels of most mRNAs, as shown in Fig. 5B ; only whole-cell APAF1 and TCF3 mRNA levels were reduced to about one-third and one-half of their original abundance, respectively.
Finally, we tested the expression levels of proteins encoded by four TIAR target mRNAs. Three of the proteins encoded by dissociation target mRNAs (PXN, EIF5A, and APAF1) were readily detectable (TCF3 could not be detected with the antibodies available). While the levels of TIAR itself remained unchanged following UVC irradiation (Fig. 6A) , the levels of PXN, EIF5A, and APAF1 were markedly elevated following UVC irradiation, in agreement with the view that TIAR repressed their expression (Fig. 6B) . Of note, the steady-state levels of these mRNAs either remained unchanged (PXN and EIF5A) or were actually reduced (APAF1), as shown in Fig.  5B . As a positive control, MYC expression was tested, as UVC stress was previously shown to increase TIAR-MYC mRNA association and to decrease MYC translation and protein levels ( Fig. 5A) (32) ; here, MYC protein abundance was also reduced potently following UVC irradiation (Fig. 6B) . Evidence that TIAR contributed to these changes in protein expression was obtained through silencing experiments. As shown by Western blot analysis in Fig. 6C , PXN, EIF5A, and APAF1 abundance increased in RKO cells that expressed reduced TIAR levels (by TIAR siRNA transfection). Combined UVC irradiation and TIAR silencing did not further elevate the expression of these proteins, supporting the view that both interventions shared common mechanisms of action. We report the identification of a C-rich signature motif present in TIAR target mRNAs. The C-rich motif was unexpectedly distinct from the U-rich target sequence we previously reported for TIAR-bound mRNAs (10) . In keeping with these earlier findings, TIAR proteins containing two or three RRM domains (TIAR12 and TIAR123, respectively) bound with high affinity to a U-rich sequence containing a stretch of 17 uracils; however, they also bound, albeit with 50-to 100-foldless affinity, to the C-rich motif, as measured by SPR (Fig. 3) . TIAR123 and TIAR12 bound to the C-rich sequence with K D s in the nanomolar range, representing a significant binding affinity of TIAR for the C-rich motif. These results demonstrate that TIAR binding to RNA may not be restricted to a single class of target motif. Besides serving as a target sequence for TIAR, the C-rich motif had a significant functional role, as revealed by using a chimeric reporter construct that comprised the EGFP coding region linked to the GAPDH 3ЈUTR. Insertion of the consensus C-rich motif in the GAPDH 3ЈUTR strongly reduced the expression of the heterologous reporter EGFP (Fig. 4) . The C-rich sequence (the consensus motif or the motif hit within the APAF1 3ЈUTR) specifically suppressed the translation of the reporter construct without affecting reporter mRNA levels; this regulation was TIAR dependent, since silencing of TIAR restored reporter protein production.
Endogenous TIAR forms complexes with endogenous mRNAs. The collection of UniGene transcripts that were predicted to be TIAR targets based on the presence of at least one hit of the C-rich motif was then studied. (A subset of predicted target transcripts is listed in Table 2 .) Following TIAR RNP IP analysis and RT-qPCR identification of individual mRNAs present in TIAR RNP complexes, all of the transcripts chosen randomly among this collection were found to be enriched in the TIAR RNP IP material relative to IgG IP; no predicted targets were found not to be enriched (Fig. 5 ). These observations reveal that in addition to the binding of recombinant purified TIAR to the C-rich motif in vitro, endogenous TIAR was also found in association with endogenous mRNAs bearing the C-rich motif. These results underscore the usefulness of the C-rich motif in predicting TIAR target mRNAs.
It was interesting to discover that UVC irradiation triggered a reduction in binding of TIAR to all of the mRNA targets bearing the C motif (Fig. 5A ). This finding suggested that the C-rich signature motif identifies mRNAs which will dissociate from TIAR following UVC treatment and possibly other forms of cell damage. Along with the reduced association of TIAR with C-rich target transcripts (PXN, EIF5A, and APAF1), we documented a sizeable increase in the expression of the encoded proteins following UVC irradiation (Fig. 6) . In support of the notion that TIAR contributed to this increase, silencing of TIAR alone similarly elevated the expression levels of these proteins, an effect that recapitulated the regulation of the chimeric reporters (Fig. 4) . At this time, the magnitude or kinetics of TIAR-mRNA association/dissociation do not appear to correlate with either score values or the number of motif hits on a given target transcript (not shown), although further analysis of these parameters is warranted. As these studies move forward, it will also be interesting to examine whether the coordinate regulation of subsets of C-rich motifbearing mRNAs elicits a particular phenotype. This task will be complex, since Ͼ2,000 transcripts bearing the C-rich motif have been identified (Table 3 [complete list available from the authors]) and the encoded proteins participate in a broad range of cellular functions. We will first focus our attention on C-rich motif-bearing targets implicated in the stress response, particularly those that influence cell survival and proliferation. The reduced binding of TIAR to these target transcripts was in contrast to the results obtained earlier when testing other TIAR target transcripts, particularly those encoding translation-modulatory proteins such as translation regulatory factors EIF4A1, EIF4E2, and EEF1B2, as well as MYC (which transcriptionally upregulates the expression of translation regulatory proteins) (32) . In that investigation, binding of TIAR to target mRNAs increased following UVC irradiation, in turn causing a reduction in the expression of those translation regulators and contributing to an overall reduction in protein biosynthesis following UVC treatment. None of the TIARbound mRNAs encoding translational regulators was found to have the C-rich motif, in agreement with the idea that the C-rich motif is present in a different subset of mRNAs. Based on these observations, we postulate the existence of a different signature motif on TIAR target mRNAs that would instead signal increased association after cellular stress. Our efforts to identify such a signature motif have led to the preliminary identification of a shared sequence containing a stretch of U residues (see Fig. S1 in the supplemental material) flanked by C residues, similar to what was found by SELEX analysis (10) . Studies are under way to test if this U-rich motif is a bona fide recognition sequence for TIAR. Should the U-rich motif be validated by testing recombinant and endogenous target transcripts, then further investigation will assess whether binding of TIAR to mRNAs bearing the U-rich motif increases following exposure to stimuli such as UVC and will examine its influence upon the expression of mRNAs in which it is present.
Multiple RNA target motifs for a given RBP? If indeed the C-rich RNA sequence represents a "TIAR dissociation motif" which signals decreased mRNA association with TIAR after stress, it is conceivable that multiple motifs exist which can direct either increased or decreased TIAR binding to mRNAs after cellular damage. Moreover, signature motifs may exist to guide binding of TIAR (or for that matter, also other RBPs), depending on cellular energy levels, tissue type, proliferation status, subcellular locale, etc. A comprehensive elucidation of the group of TIAR motifs and their functional characteristics will require the development of more sophisticated analysis methods. The TIAR binding properties studied here are also likely to be influenced by UVC-triggered changes, including alterations in its subcellular localization (e.g., stress granules) (2); posttranslational modifications (e.g., by phosphorylation) (18) ; interactions with chaperones such as heat shock protein 70 (HSP70) (15) ; or interactions with other proteins that alter its RNA-binding properties, as recently reported for SRC-3, a nuclear transcriptional activator that also functions as a cytoplasmic activator of TIA-1/TIAR (3, 45) . Whether UVC affects any of these potential modulators of TIAR activity remains to be addressed experimentally. Other regulatory schemes that merit consideration also await further testing. For example, microRNAs or other RBPs could preferentially facilitate or hinder the binding of TIAR to a target mRNA in cells exposed to stress agents; notably among these, RBPs with preference for C-rich RNA motifs (such as hnRNP K and PCBP1 to -4/␣CP1 to -4 [reviewed in references 13 and 30]) might be anticipated to compete for binding, particularly since they have been implicated in regulating the translation of target transcripts and their function is modulated by stress (reviewed in reference 30) .
Individual examples of RBPs dissociating from a target mRNA in response to a stimulus have been reported: for instance, TIAR was recently shown to dissociate from GADD45␣ mRNA following exposure to the alkylating agent methylmethane sulfonate (25) . To our knowledge, however, this is the first study to identify an RNA motif that defines a subset of mRNAs which dissociate from an RBP in response to a stimulus. Broadly speaking, our findings illustrate the existence of an additional layer of posttranscriptional gene regulation for a given mRNA, in agreement with the "RNA regulon" model, whereby collections of mRNAs are coordinately regulated at the posttranscriptional level by specific RBPs (recently reviewed in reference 22). In addition to the interplay between trans factors (RBPs and microRNAs) acting upon the transcript, the influence of the subcellular environment, and the conditions of cellular growth at a given time, the specific mRNA sequence can also dictate the dynamic association of RBPs and hence the composition of the RNP and its posttranscriptional fate.
